• Full oncogenic activity of MLL-Af4 is facilitated by lymphoid commitment and is compromised in the myeloid cell context. • The CHD domain of Af4 is sufficient to confer the linkage between lymphoid lineage and leukemic transformation.
Introduction
Acute leukemia can be characterized as acute lymphoblastic leukemia (ALL) or acute myeloid leukemia (AML) depending on the lineage markers and morphology. Chromosome rearrangements involving 11q23, fusing the N terminus of the mixed-lineage leukemia gene (MLL) to various fusion partners, can result in both AML and ALL with intermediate to poor prognosis.
1,2 MLL-fusion leukemia cells of different lineages exhibit distinct properties which guide therapy. 3, 4 Lineage plasticity has been reported for MLL-fusion patients. 4, 5 Understanding how MLL-fusion leukemia makes lineage decisions could improve disease treatment. Lineage association of MLL-fusion leukemia is influenced by the fusion partner. Although some types of MLL fusions can present as both AML and ALL, MLL-AF4, the most frequent MLL fusion, is almost exclusively associated with B-cell ALL (B-ALL). 1 Recently, we have established a faithful model for MLL-AF4 pro-B-ALL by expressing the MLL-murine Af4 chimeric fusion in human CD34
1 hematopoietic stem and progenitor cells (HSPCs). 6 The cells expressing MLL-Af4 exhibited strong predilection for lymphoid lineage and a resistance to myeloid redirection. They retained the capacity to initiate B-ALL in immunodeficient nonobese diabetic/ severe combined immunodeficiency/g (NSG) mice even after being cultured in myeloid-promoting conditions for weeks, in striking contrast to CD34 1 cells expressing the MLL-AF9 fusion protein, which could only give rise to AML after such conditioning. 6 We previously reported that microenvironmental cues from recipient mice can also direct the lineage decision of MLL-fusion leukemia. 7 To further understand the interplay between oncogene and microenvironment in lineage choice of MLL-fusion leukemia, we investigated the possibility of fully reprogramming the MLL-Af4 cells into AML in the myeloidbiasing mouse strain (NSG mice expressing human myeloid cytokines interleukin-3, granulocyte-macrophage colony-stimulating factor, and stem cell factor [NSGS]), which has been shown to enhance AML development. 8 
Study design
Human CD34
1 HSPCs were transduced and transplanted into conditioned NSGS mice after myeloid culture for 2 to 6 weeks or without culturing. Secondary transplantation was performed to determine the malignant nature of the disease ( Figure 1A ).
6,9
Results and discussion MLL-Af4 cells maintained long-term growth under myeloid culture condition, showing similar proliferation rate and immunophenotype as The online version of this article contains a data supplement.
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, with aberrant expression of CD56 and CD4 ( Figure 1E ), as reported for MLL-fusion AML patients. 10 The myeloid blasts were confirmed in the bone marrow (BM) ( Figure 1F ). The majority (15 of 18) of NSGS mice receiving MLL-Af4 cells developed rapid disease, though with a slightly longer latency compared with MLL-AF9 ( Figure 1D ). The disease also showed AML features, with the immunophenotype of CD33
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Interestingly, 3 MLL-Af4 mice remained alive at 150 days posttransplant ( Figure 1D ). BM examination showed an expansion of CD19 1 CD33 2 lymphoid cells variably expressing CD34 and CD10
( Figure 1G ), representing an early stage of pro-B-ALL. 6 Accordingly, these ALL cells displayed upregulation of lymphoid-signature genes and downregulation of myeloid-signature genes identified in MLL-fusion leukemia patients when compared with MLL-Af4 myeloid cells (supplemental Figure 1 , available on the Blood Web site). 11 Thus, MLL-Af4 cells can induce B-ALL even in a BM environment favoring myeloid lineage development, emphasizing their lymphoid bias.
To confirm the malignant nature of the myeloid disease, we performed secondary transplantation. As expected, all MLL-AF9 secondary recipients developed AML ( Figure 1H-I) . In contrast, only some of the MLL-Af4 myeloid disease was transplantable, with only 6 of 22 mice showing signs of AML after a relatively short latency. Strikingly, no human cells were detected in the majority of MLL-Af4 secondary recipients at 150 days posttransplant. Intriguingly, a myeloid-lymphoid lineage switch was observed in 4 MLL-Af4 secondary recipients (Figure 1H-I; supplemental Table 1 ). These data suggest that MLL-Af4 myeloid cells showed compromised long-term self-renewal in vivo, in stark contrast to MLL-Af4-induced ALL, which was reproducibly transplantable. 6 AF5q31 (AFF4) is a rare fusion partner of MLL. 12 It belongs to the same family as AF4 and shares extensive sequence similarity. The Cterminal homology domain (CHD) of AF5q31 is critical for the function of MLL-AF5q31, and MLL fused with the CHD of AF5q31 is sufficient to immortalize murine HSPCs. 13 Whether the CHD of the Af4 protein plays a similar role in MLL-Af4-mediated transformation of human HSPCs has not been successfully explored. Therefore, we fused MLL with the Af4 CHD (MLL-CHD) (Figure 2A Figure 2D) . Importantly, the MLL-CHD-induced pro-B-ALL could be reproducibly transplanted into secondary recipients and maintained the same immunophenotype ( Figure 2E ; supplemental Table 2 ). These results demonstrate that the CHD is a significant functional unit for MLL-Af4-mediated leukemogenesis and also confers lymphoid lineage preference. These observations suggest that the lymphoid cellular context is necessary for MLL-Af4 to elicit full oncogenic activity. It has been shown that the MLL-fusion protein promotes leukemia development by activating or maintaining a hematopoietic stem cell (HSC) molecular network. 14 We extracted the human HSC gene signature from 2 independent data sets (supplemental Figure 2A-B) . Gene set enrichment analysis 15 showed that the HSC gene signatures derived by us and others were underrepresented in MLL-Af4 myeloid cells compared with MLL-AF9 myeloid cells, potentially accounting for the diminished AML transformation of MLL-Af4 cells. In contrast, this incomplete activation of the HSC program by MLL-Af4 was not seen in ALL cells ( Figure 2F ; supplemental Figure 2C ). Similar results were observed using pathway enrichment analysis by LRpath (supplemental Figure 2D) . 16 Taken together, our study reveals that the full transforming capacity of the MLL-Af4 fusion protein is interlinked with lymphoid lineage identity and the CHD portion of the protein is sufficient to provide this linkage. Although MLL-Af4 cells may be reprogrammed into AML by microenvironmental pressure, these cells appear unstable and vulnerable, with most cells either losing long-term self-renewal ability or undergoing lineage switch back to ALL. The relatively defective selfrenewal ability and leukemogenesis of MLL-Af4 myeloid cells may explain the selective advantage for lymphoid commitment, contributing to the strong B-ALL association of MLL-AF4 leukemia. It has been reported that partial myelomonocytic differentiation is required for MLL-AF9-induced AML, 17 likely due to myeloid transcription factor contribution to the oncogenic program. 18, 19 Thus, there is the possibility that an essential cooperation exists between lymphoid-specific factors and MLL-Af4, which provides the lymphoid preference of MLL-Af4 cells. It was reported that 2 t(4;11) ALL patients displayed a myeloid shift after CD19-directed therapy. 4, 20 These 2 patients then received myeloid-directed therapy followed by allogeneic HSC transplantation. One infant patient, whose myeloid lineage transition was triggered by blinatumomab, achieved complete remission and remained alive at the time of publication. 4 In contrast, the adult patient who showed a myeloid shift after CD19 chimeric antigen receptor T therapy, although achieving complete remission, died of AML relapse. 20 The ALL-to-AML switch can also be induced by chemotherapy and is usually associated with poor outcome. 5 Acquisition of additional genetic events enhancing the self-renewal program may give rise to the occasional MLL-Af4 AML in our model and t(4;11) AML in patients. Future investigation of our MLL-Af4 AML may help to identify critical cooperating factors driving the myeloid transition and potential therapeutic targets for this poor-outcome disease (or for preventing escape from CD19-directed therapy).
